Raloxifene can induce both endothelium-dependent and -independent relaxation in different arteries. However, the underlying mechanisms by which raloxifene triggers endothelium-independent relaxation are still incompletely understood. The purpose of present study was to examine the roles of NOSs and Ca 2+ channels in the relaxant response to raloxifene in the rat isolated, endothelium-denuded aorta.
Introduction
Throughout the world, cardiovascular disease is the main cause of morbidity and mortality in postmenopausal women. Epidemiological studies show a strong relationship between menopause and the development of cardiovascular disease (Barrett-Connor and Bush, 1991) . Although there is observational evidence to support the therapeutic benefits of hormone replacement therapy (HRT) (Stampfer et al., 1991) , the therapeutic role of oestrogens in preventing cardiovascular diseases remains controversial, as several clinical trials have failed to demonstrate the efficacy of HRT (Nabel, 2000; Herrington et al., 2000; Rossouw et al., 2002) and the practice of taking HRT may not be encouraged in postmenopausal women (Rossouw et al., 2002; Lagro-Janssen et al., 2010) . However, HRT has been demonstrated to have more potential benefits on cardiovascular events if it is started around menopause, (Schierbeck et al., 2012; Manson et al., 2013) .
In order to search for more effective and selective agents to replace oestrogens, molecules like selective oestrogen receptor (ER) modulators (SERMs), such as raloxifene, have been synthesized because these SERMs possess beneficial effects due to their oestrogenic actions on the skeleton, vascular system and CNS, but are devoid of any harmful effects as they have been shown to have anti-oestrogenic effects in the breast and uterus. Raloxifene has been approved for the prevention of osteoporosis in postmenopausal women (Genazzani et al., 1999) , and raloxifene therapy decreases the risk of cardiovascular events in women who are high risk for cardiovascular diseases (Barrett-Connor et al., 2002) . However, the results of the completed Raloxifene Use for the Heart trial (Barrett-Connor et al., 2006) showed that raloxifene did not significantly reduce the risk of coronary heart disease in postmenopausal women who have high risk of coronary disease. In fact a new hormone therapy has recently been developed, which entails the use of molecular combinations of various oestrogen receptor modulators in one treatment (Valera et al., 2015) . Thus, a better understanding of the mechanisms of raloxifene's actions on vascular tissues is needed in order to clarify the potential benefits of raloxifene therapy for postmenopausal women.
Raloxifene causes endothelium-independent relaxation in rat cerebral arteries (Tsang et al., 2004) , intrarenal arteries , pulmonary arteries (Chan et al., 2005) and porcine coronary arteries (Leung et al., 2007) . The endothelium-independent relaxation is probably mediated by direct inhibition of voltage-sensitive Ca 2+ channel in vascular smooth muscle cells (VSMC) (Tsang et al., 2004) . The role of endothelium in raloxifene-induced vascular effects is still controversial. On the one hand, raloxifene can rapidly improve endothelial dysfunction caused by oxidative stress (Wong et al., 2008) . Raloxifene therapy increases NO concentration and flow-mediated vasodilatation in healthy postmenopausal women (Saitta et al., 2001) . Our group also showed that the chronic oral administration of raloxifene to ageing ovariectomized female rats augmented the bioavailability of endothelial NO in isolated aortic rings and did not affect eNOS expression (Wong et al., 2006) . On the other hand, raloxifene was found to enhance NO release in rat aorta by increasing the expression of eNOS mRNA (Rahimian et al., 2002) . Therefore, in the present study we have investigated the mechanisms by which raloxifene exerts its NO-related vascular action. We demonstrated that inducible NO, from iNOS in smooth muscle, and the inhibition of calcium influx through Ca 2+ channels are involved in raloxifene-mediated endothelium-independent relaxation.
Methods

Vessel preparation
Male Sprague-Dawley rats (250-300 g) were killed by inhalation of pure CO 2 . The thoracic segment of aorta was dissected out, and the surrounding connective tissues were cleaned off. Each aorta was cut into several ring segments of~3 mm in length. Rings were then transferred into 10 mL organ baths containing Krebs solution bubbled with a gas mixture of 95% O 2 plus 5% CO 2 . Each ring was mounted horizontally between two L-shaped stainless steel hooks. One of the hooks was connected to the bottom of the bath, while the other was connected to an FT03 forcedisplacement transducer (Grass Instruments Co, USA mounted in the organ baths, the rings were first contracted with 0.3 μM phenylephrine to test the contractility of the vessel and then relaxed by 1 μM acetylcholine, which produced over 85% relaxation, to assess the integrity of the endothelial layer. Thereafter, they were rinsed several times in pre-warmed Krebs solution until baseline tension was restored and were finally allowed to equilibrate for 60 min. Baseline tension was readjusted to 1 g when necessary during the entire duration of the experiment. In some aortic ring segments, the endothelial layer was mechanically removed by gently rubbing the luminal surface back and forth several times with a stainless steel wire. Functional removal of the endothelium was confirmed by the absence of a relaxant response to 1 μM acetylcholine at the beginning of each experiment. Each experiment was performed on rings obtained from different rats. These experiments were approved by the Animal Experimentation Ethical Committee of the Chinese University of Hong Kong. Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015) .
Protocols for measurement of isometric force in vitro
The role of the endothelium was first examined. The effects of raloxifene on concentration-dependent contractile responses to U46619 (0.3-500 nM) in endothelium-intact aortic rings were determined. After the first response curve, rings were rinsed. Once baseline tone was re-established, rings were exposed for 30 min to different concentrations of raloxifene (0.1-10 μM). Thereafter, the second response curve to U46619 was repeated. The effect of raloxifene was also tested on U46619-contracted endothelium-denuded rings. The effect of raloxifene on receptor-independent contraction, induced by smooth muscle membrane depolarization, was also examined in rings precontracted by elevating the extracellular potassium ion concentration.
To determine whether raloxifene has any effects on calcium channels, the effects of 30 min raloxifene (0.1-3 μM) pretreatments were examined on contractile responses, in a Ca 2+ -free 60 mM K + solution, to cumulative addition of CaCl 2 (induces concentration-dependent contractions in endothelium-intact aortic rings). The role of NO and prostacyclin was also investigated. The initial data showed that removal of the endothelium did not affect raloxifene-induced aortic relaxation. However, it was still unclear whether endothelium-derived vasoactive factors were involved. In this set of experiments, after obtaining the first concentration-response curve to U46619, endotheliumintact rings were incubated for 30 min with L-NAME (100 μM, NOS inhibitor) or ODQ (3 μM, soluble guanylate cyclase inhibitor) before repeating the second concentration-response curve. In addition, the effect of indomethacin (3 μM, COX inhibitor) on raloxifene (1 μM)-induced relaxation in endothelium-intact rings was tested. Our initial results clearly demonstrated that inhibition of NO-dependent dilation attenuated raloxifene-induced relaxation, while removal of the endothelium did not affect raloxifene-induced relaxation, thus suggesting a role of endothelium-independent NO. In order to investigate this possibility further, most of the following experiments were performed with endothelium-denuded rings.
The role of iNOS and nNOS was then examined in aortic relaxant response to raloxfene. In this series of experiments, a single concentration of raloxifene (1 μM) was used to induce relaxation in endothelium-denuded rings that had been treated with vehicle (DMSO), L-NAME (100 μM), ODQ (3 μM), AMT-HCl (100 μM, iNOS inhibitor), aminoguanidine (100 μM, iNOS inhibitor), N ω -propyl-L-arginine (NPLA, 100 μM, nNOS inhibitor), ICI 182780 (1 μM, classical oestrogen receptor antagonist), actinomycin D (10 μM, RNA synthesis inhibitor), cycloheximide (10 μM, protein synthesis inhibitor) or pyrrolidine dithiocarbamate (PDTC 3 μM, NF-κB inhibitor). Rings were exposed to each of the abovementioned inhibitors for 30 min before the addition of U46619. Once a steady vessel tension was obtained, application of 1 μM raloxifene caused time-dependent relaxant response for 3 h. In some experiments, rings were first exposed to 1 mM L-arginine for 10 min, then to each of the NOS inhibitors for 30 min before the addition of U46619. The inhibitors tested included L-NAME, AMT-HCl and aminoguanidine. In some experiments, the effects of various inhibitors were also examined on the relaxant response to 10 μg·mL À1 bacterial LPS (from Escherichia coli, strain 0111:B4), a stimulator of iNOS, which acts as a positive control for the raloxifene-induced activation of iNOS. The relaxant responses to sodium nitroprusside (1 μM, an exogenous NO donor) were also studied in U46619-contracted endothelium-denuded rings after treatment for 30 min with different inhibitors for a comparison with raloxifene action.
cGMP assay
At the end of the organ bath study mentioned above, all rings were rapidly frozen in liquid nitrogen and then homogenized in 0.5 mL of ice-cold 0.1 M HCl, using a glass homogenizer. The homogenate was centrifuged at 20 000 × g for 10 min at 4°C. The protein content of supernatant was determined using a protein assay kit (Sigma, St. Louis, MO, USA) using BSA as the standard. 
Nitrite assay
At the end of the organ bath study, rings were weighed. The incubation medium was removed and centrifuged at 20 000 × g for 10 min at 4°C. The nitrite content in the supernatants was subsequently detected by Griess reagent system (Promega, USA), which contains sulfanilamide solution and NED solution, according to the manufacturer's instructions, and measured in a spectrophotometer at 548 nm. Standard curves were constructed by mixing Krebs solution with different concentrations of sodium nitrite standards.
sample, 80 μg protein was separated under reducing conditions on a 7.5% SDS-polyacryamide gel. At the same time, a positive control sample for iNOS (LPS-treated rat macrophage NR 8383 cell lysate) was run in parallel to all samples. The resolved proteins were electrophoretically transferred to a nitrocellulose immobilon-P PVDF membrane (Millipore). The membranes were blocked with 5% non-fat milk (Carnation, Nestle, New Zealand) in PBS 0.5% Tween-20 and subsequently exposed to a polyclonal rabbit anti-iNOS antibody 1:500 (BD Transduction Laboratories, USA) overnight at 4°C. The membranes were then probed with a secondary anti-rabbit antibody linked to horseradish peroxidase (DakoCytomation, Denmark) at a dilution of 1:2500 for 1 h at room temperature. The membranes were developed with an enhanced chemiluminescence detection system (ECL reagents; Amersham Pharmacia, USA) and then exposed on X-ray films (Fuji, Japan). Densitometry was performed for the iNOS band corresponding to 135 kDa using a documentation programme (Fluorchem, Alpha Innotech Corp., USA).
Immunohistochemistry
After being used in the organ bath experiments, the aortic rings were snap-frozen in optimum cutting temperature compound (embedding medium for frozen tissue specimens, Miles Inc, USA), and 8 μm sections were prepared from the embedded tissues. The sectioned specimens were fixed in a mixture of acetone and methanol (1:1) for 10 min. Endogenous peroxidase was quenched using 3% H 2 O 2 in PBS for 30 min. Non-specific adsorption was minimized by incubating the section in 20% fetal bovine serum for 1 h at room temperature. The sections were then incubated overnight in a primary anti-iNOS antibody (1:10 dilution, BD Transduction Laboratories). Specific labelling was detected with 1:75 dilution of biotin-conjugated goat anti-rabbit IgG and 1:400 dilution of peroxidase conjugated streptavidin-biotin. Specific staining of the antigen was visualized by the amnioethyl carbazole substrate kit (Vector Laboratories, USA), which gave a red colour after 5-15 min incubation at room temperature. The positive immunostaining was examined under a light microscope, and areas of interest were recorded using a Leica microscope fitted with a high-resolution CCD camera. The images were captured as computer files using the SPOT Advanced software (version 3.5.2 for Windows, Diagnostic Instruments Inc., Sterling Heights, MI, USA).
Chemicals and drugs
The following chemical drugs were used in this study: phenylephrine hydrochloride, acetylcholine hydrochloride, L-NAME, U46619 , indomethacin, ODQ, actinomycin D, cycloheximide, PDTC, (LPS) strain 0111:B4 and sodium nitroprusside (SNP) purchased from Sigma (St. Louis, MO, USA); raloxifene HCl (Rf) as a gift from Eli Lily company; AMT AMT-HCl, aminoguanidine hemisulfate, ICI 182780 and NPLA purchased from Tocris; L-arginine (RBI, USA). Phenylephrine, acetylcholine, aminoguanidine hemisulfate, AMT-HCl, L-arginine, LPS and SNP were prepared in distilled water and the others in DMSO (Sigma).
Statistical analysis
Results are expressed as mean ± SEM of n experiments on the rings prepared from different rats. To study the effect of raloxifene on U46619-induced contractile responses, the values of pEC 50 , the negative log of the constrictor concentration that caused 50% the maximum contraction (E max %), were determined from different curves. These values were compared in the absence and presence of raloxifene. Cumulative concentration-contraction relationships were analysed with a non-linear regression curve fitting (Prism). The effects of vasodilators are expressed as a % of the agonist-induced maximal contractile response. Statistical differences between mean values were determined by ANOVA followed by the Student-Newman-Keuls test for comparison of mean values. P < 0.05 was regarded as significant difference between groups. The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) .
Results
Role of the endothelium
After a control curve for U46619-induced contractile responses had been done, endothelium-intact rings were incubated for 30 min with different concentrations of raloxifene (0.1-10 μM), and a concentration-contraction curve was again obtained. A concentration of 1 μM raloxifene caused an approximately parallel shift of the U46619 concentration-response curve to the right ( Figure S1A , B). At higher concentrations (>3 μM), raloxifene exerted an insurmountable inhibition (P < 0.05 vs. control for E max ), reducing the magnitude of the maximum contraction. Removal of the endothelium did not significantly modify the contractile responses to U46619 ( Figure S1C ) and 1 μM raloxifene reduced the U46619 contraction to the same extent as that in the presence of endothelium ( Figure S1D ). The raloxifene-induced relaxation of U46619-induced contractile responses was similar in the presence of 100 μM L-NAME (a NOS inhibitor) ( Figure S1E , F) or 3 μM ODQ (a soluble guanylate cyclase inhibitor) ( Figure S1G , H). These results indicate that the endothelium may not have an overall influence on raloxifene-induced relaxation.
Relaxant effect of raloxifene in endotheliumintact rings
In another set of experiments, once a steady contraction to 20 nM U46619 was obtained, addition of raloxifene caused a slowly developing relaxation. A steady-state relaxation was achieved over 3 h in endothelium-intact aortic rings ( Figure 1A ). Figure 1B presents the maximal relaxation induced by different concentrations of raloxifene. Raloxifene at concentrations greater than 0.2 μM caused the maximal effect even though the onset of the evoked relaxation was faster as the concentration increased from 0.1 to 3 μM ( Figure 1A ). In another series of experiments, a single concentration of raloxifene (1 μM) was used to induce time-dependent relaxation. Figure 1C shows that treatment of endothelium-intact rings with L-NAME or ODQ attenuated raloxifene-induced relaxation to the same extent. In contrast, 3 μM indomethacin (the COX inhibitor) was without an effect ( Figure 1C) . The E max values (the steady-state maximal relaxation) are summarized in Figure 1D . The steady-state maximum relaxation to raloxifene. Statistical differences are indicated by between vehicle control and raloxifene group (*P < 0.05). Results are mean ± SEM of six to seven rings from different rats. (C) The inhibitory effects of L-NAME (100 μM) and ODQ (3 μM) on raloxifene (1 μM)-induced relaxation in endothelium-intact rat aortic rings. Treatment with indomethacin (Indo, 3 μM) was without effect. (D) Steady-state maximum relaxation induced by raloxifene after various treatments. Rings were exposed for 30 min to each inhibitor before addition of U46619 to induce a sustained tone. Relaxant effects on contractions induced by high K + and CaCl 2
Raloxifene at 1 μM also relaxed rings preconstricted with 60 mM extracellular potassium ions, and this effect was similar to that in U46619-contracted rings, as shown in Figure 1E (no difference on E max % for U46619 and high K + in Figure 1F ).
In another set of experiments, rings were exposed to a Ca 2+ -free 60 mM K + solution and the cumulative addition of CaCl 2 induced concentration-dependent contractions. Incubation with raloxifene reduced the concentration-dependent contractile responses to CaCl 2 , and increasing the raloxifene concentration induced a progressive reduction in the maximal response ( Figure 1G ). Raloxifene at 3 μM almost abolished CaCl 2 -induced contractile responses (pEC 50 in Figure 1H ).
Effects of inhibitors of NO pathways on relaxant effect of raloxifene in endotheliumdenuded rings
Raloxifene appeared to induce primarily endotheliumindependent relaxation since the maximal relaxant responses were unaffected by removal of the endothelium ( Figure S2 ). However, inhibitors of NO pathways caused a marked reduction in raloxifene-induced relaxation in the absence and presence of endothelium, thus indicating that NO derived from sources other than the endothelium is involved in this response. Indeed, the representative traces in Figure 2 A show that 30 min incubation with L-NAME or ODQ suppressed raloxifene (1 μM)-induced relaxation in endothelium-denuded aortic rings. While exposure to L-arginine (0.5-1 mM), the NO precusor, significantly antagonized the inhibitory effect of L-NAME ( Figure 2B ). In contrast, L-arginine at 1 mM did not affect the inhibitory effect of ODQ ( Figure 2C ). The bar graph in Figure 2D summarizes the E max values for raloxifene-induced relaxation following various pharmacological interventions.
Effects of iNOS inhibitors on raloxifeneinduced relaxation
Traces in Figure 3A and graphs in Figure 3B , C show that treatment of endothelium-denuded rings with 100 μM aminoguanidine or 100 μM AMT-HCl (both selective inhibitors of iNOS) attenuated raloxifene-induced relaxation to a similar extent. Their effects were similar to those of L-NAME and ODQ. The inhibitory effects of both iNOS inhibitors were partially or fully reversed in rings treated with 1 mM L-arginine ( Figure 3B, C) . On the contrary, treatment with N ω -propyl-L-arginine (100 μM, a selective inhibitor of nNOS) had no effect on the relaxant responses to raloxifene (Figure 3 A, E). The bar graphs in Figure 3D , F summarize the E max values for raloxifene-induced relaxation following various pharmacological interventions.
Genomic nature of raloxifene-induced effect
In endothelium-denuded aortic rings, the raloxifene-induced relaxant effects were attenuated after treatment with 10 μM actinomycin D (RNA synthesis inhibitor) ( Figure 4A , B, D) or 10 μM cycloheximide (protein synthesis inhibitor) ( Figure 4A, C, D) . Both inhibitors were equi-effective.
Involvement of oestrogen receptors and NF-κB in raloxifene-induced relaxation
Traces in Figure 5A show that treatment of endotheliumdenuded rings with 1 μM ICI 182780 (a pure oestrogen receptor antagonist) significantly reduced raloxifene-induced relaxation when compared with the control trace. The time course and E max values for the relaxant effect of raloxifene are presented in Figure 5B , C. The degree of inhibition was similar to that in rings treated with iNOS inhibitors (see Figure 3) . Incubation with 3 μM PDTC (an inhibitor of NF-κB) also decreased raloxifene-induced relaxation ( Figure 5D-F) .
Relaxant effect of LPS in endothelium-denuded rings
In various control experiments, LPS was used to induce inducible NO-mediated aortic relaxation in endotheliumdenuded rings. Traces in Figure S3 show that treatment with ICI 182780 did not attenuate LPS-induced relaxation. In contrast, this concentration markedly reduced the raloxifeneinduced relaxation, as shown in Figure 5 . The LPS-mediated relaxation was attenuated by treatment with each of the following inhibitors: PDTC ( Figure S4 ), L-NAME ( Figure S5A ), AMT-HCl ( Figure S5A ), actinomycin D ( Figure S5B ) or cycloheximide ( Figure S5B) . The E max values are summarized in Figure S5C . The above data suggest that LPS-induced iNOS expression for endothelium-independent relaxation acts as a control to show that iNOS is involved in endothelium-denuded aortic relaxation.
Comparison of the vascular effects of raloxifene and nitroprusside
To compare the relaxant effects induced by raloxifene and SNP, another set of experiments was conducted with the NO donor in endothelium-denuded aortic rings. Figure S6 summarizes the effects of various inhibitors. Raloxifeneinduced relaxation was inhibited by ODQ, L-NAME, AMT-HCl, actinomycin D and cycloheximide ( Figure S6A ), while SNP-induced relaxation was abolished by ODQ only ( Figure S6B ). The other four inhibitors were without effect, thus confirming that the cGMP-dependent mechanism accounts entirely for the NO donor-mediated aortic response. These experiments also served to demonstrate the specificity of each inhibitor used in this study.
Effects on tissue content of cGMP
The results of the experiments described above strongly suggest that NO is involved in the raloxifene-mediated relaxant effect in aortic rings. In most instances, NO-mediated vasorelaxation is caused by activation of cGMP-dependent signalling pathways leading to a reduction in the intracellular Ca 2+ concentrations in VSMC. The reduced relaxation in aortic rings treated with ODQ also indicates that this pathway is involved in raloxifene-induced vasorelaxant responses, since ODQ is a highly selective and potent inhibitor of guanylate cyclase, which catalyses the generation of cGMP from GTP. In order to verify this, we measured the total tissue content of cGMP in response to raloxifene, at the concentration that relaxed the endothelium-denuded rings, after different pharmacological treatments. Figure 6A shows that raloxifene (0.1-1 μM) significantly increased the total tissue content of cGMP in endothelium-denuded rings, and this increase was inhibited by treatment with the inhibitors that were shown to inhibit raloxifene-induced aortic relaxation. These inhibitors included L-NAME, ODQ, AMT-HCl, aminoguanidine, actinomycin D and cycloheximide. Treatment with L-arginine (1 mM) partially reversed the inhibitory effect of L-NAME on cGMP production. In control experiments, LPS (10 μg·mL À1 ) also stimulated an increase in the cGMP level.
Effects on nitrite formation in aortic rings
The involvement of NO in raloxifene-induced relaxation was further supported by the measurement of nitrite, a metabolite of NO degradation. Figure 6B shows that raloxifene (1 μM) induced a significant increase in total nitrite content in the incubation medium bathing the endothelium-denuded rings, and this increase was inhibited by treatment with L-NAME, AMT-HCl, aminoguanidine, actinomycin D or cycloheximide. In positive control experiments, exposure to LPS or SNP (100 nM) increased the nitrite concentration in the incubation medium.
Effects on iNOS protein expression levels
The involvement of iNOS in raloxifene-induced relaxation was also reflected in the western blotting analysis. Figure 7A shows that a 3 h treatment with 1 μM raloxifene up-regulated 
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the iNOS protein by increasing its expression in endothelium-denuded rings, and this change was prevented by pre-exposure to ICI 182780, PDTC, actinomycin D or cycloheximide. LPS treatment also increased the iNOS protein level in endothelium-denuded rings. LPS-treated rat macrophage NR 8383 cells, which expressed iNOS, served as a positive control.
Effects on iNOS protein distribution
Immunohistochemical staining of rat aortic rings also showed that raloxifene increased the iNOS protein expression in smooth muscle layers of the endothelium-denuded rings, and this change was prevented by treatment with ICI 182780, PDTC, actinomycin D or cycloheximide ( Figure 7B ). In control rings, LPS treatment also increased the level of iNOS protein expression in the smooth muscle layers.
Comparison of the relaxant effects of raloxifene, 17β-estradiol and tamoxifen
To test the specificity of raloxifene-induced relaxation, endothelium-independent relaxations induced by 17β-estradiol and tamoxifen (oestrogen receptor agonist/ antagonist) were tested for comparison. In endotheliumdenuded aortic rings, 1 μM 17β-estradiol or tamoxifen did not induce any relaxation. However, both of them at 10 μM induced a comparable relaxation response to that of 1 μM raloxifene ( Figure S7 ). Furthermore, 17β-estradiol (10 μM) and tamoxifen (10 μM)-induced relaxation were fully inhibited by pretreatment with AMT-HCl or cycloheximide ( Figure S8 ), suggesting that all of them share a similar genomic mechanism for the inducing iNOS expression and mediating endothelium-independent relaxation. The supplemental figures can be found in the online supporting information.
Discussion
VSMC are known to be the primary targets of endotheliumderived NO during the regulation of vascular tone. The present study provided novel evidence to support the hypothesis that the action of raloxifene in rat isolated aortas is mediated through an induction of iNOS expression and NO production in vascular smooth muscles. This inducible NO subsequently activates a cGMP-dependent signalling pathway to mediate raloxifene-induced aortic vasorelaxation. Results are mean ± SEM of six rings from different rats. Statistical differences are indicated by * (P < 0.05) between vehicle control and raloxifene group and a (P < 0.05) between raloxifene and other treatment groups.
Relaxation in endothelium-intact aortic rings
In endothelium-intact rings, raloxifene-induced inhibition of U46619-induced contractile responses was inhibited in the presence of L-NAME or ODQ, indicating that this effect of raloxifene involves activation of the NOS/guanylate cyclase pathway. However, in the present study it was shown that raloxifene can induce relaxation in both endotheliumintact and endothelium-denuded aortas, with the former relaxation being larger and faster during the 3 h treatment with raloxifene. It appears that the area of the gap between the curves of '+endo, Rf' and '-endo, Rf' in Figure S2 is the relaxation mediated by raloxifene-induced activation of eNOS. These results indicate that the major source of NO responsible for raloxifene-induced aortic relaxation is derived from non-endothelial cells, such as VSMC that are known to express iNOS. The relaxant effect of raloxifene appears to be independent of the types of constrictors used because raloxifene caused almost identical effects in rings precontracted by 60 mM K + .
The role of the endothelium in relaxant responses to raloxifene is controversial. This study showed that the endothelium only has minor role in raloxifene-induced vasodilatation in rat aorta, as removal of the endothelium only slightly reduced raloxifene-induced relaxation. The endothelium can also release prostacyclin, which regulates vascular tone in response to some vasoactive agents (Vanhoutte and Mombouli, 1996) . In endothelium-intact rings, treatment with indomethacin (the COX inhibitor used to block prostacyclin biosynthesis) did not affect raloxifene-induced relaxation. This suggests that the relaxing prostanoids are not involved.
Relaxant effects in endothelium-denuded aortic rings
In endothelium-intact or endothelium-denuded rings, treatment with L-NAME (non-specific inhibitor of NOS), or ODQ (inhibitor of guanylate cyclase) attenuated raloxifeneinduced relaxation to the same degree. These data confirmed that the endothelium is not involved in raloxifene-induced vasodilatation in rat aorta and indicate that VSMC may respond to raloxifene by increasing the production and/or release of NO, which then triggers the cGMP-dependent pathway for vascular relaxation.
Treatment of endothelium-denuded rings with aminoguanidine or AMT-HCl (both are specific iNOS inhibitors, Sung et al., 2002; Md et al., 2003) was equally effective in attenuating raloxifene-induced relaxation, suggesting that the activation of iNOS is involved in the raloxifene-induced relaxation. In contrast, treatment with NPLA (a specific nNOS inhibitor, Ferrer et al., 2004) had no effect, indicating neuronal-derived NO is not involved in this response.
A common molecular target of NO is membrane-bound guanylate cyclase, an enzyme that catalyses the chemical conversion of GTP into cGMP, the first signalling molecule in the cGMP-dependent intracellular pathway. Also cGMPdependent protein kinase phosphorylates the ion channels to regulate intracellular Ca 2+ concentrations (Schroder et al., 2003) . Therefore, the tissue levels of cGMP should be increased if NO, regardless of its source, mediates raloxifeneinduced vasorelaxation. Indeed, raloxifene at a concentration that relaxes isolated aortas increased the aortic cGMP content in endothelium-denuded rings, and this increase was inhibited by L-NAME, ODQ or iNOS inhibitors (aminoguanidine and AMT-HCl). These data with iNOS inhibitors further support the notion that activation of iNOS in VSMC elevates cellular guanylate cGMP that then evokes 
Genomic action
The genomic effects of oestrogens are mediated through activation of nuclear oestrogen receptors. The following findings support the genomic nature of raloxifene-induced relaxation Raloxifene-induced vasorelaxation by iNOS BJP in endothelium-denuded aortic rings. Firstly, raloxifeneinduced relaxation was inhibited by ICI 182780 (a selective oestrogen receptor antagonist), actinomycin D (RNA synthesis inhibitor), cycloheximide (protein synthesis inhibitor) and PDTC (an inhibitor of NF-κB activity). Secondly, all of these inhibitors reduced raloxifene-stimulated increase in iNOS protein expression in endothelium-denuded rings. Thirdly, the iNOS inhibitors, actinomycin D, cycloheximide and PDTC but not ICI 182780 nearly abolished LPS-induced relaxation and iNOS protein expression. LPS acted as a positive control for the stimulation of iNOS leading to vasorelaxation. We compared the effects of the inhibitors on the relaxant responses to raloxifene and sodium nitroprusside, an exogenous NO donor. These results clearly show that the inhibitors acted on specific targets in vascular smooth muscle and that the aortic action of raloxifene is genomic in nature and an NO donor causes non-genomic relaxation. Although no efforts was made to examine which cell type might have been affected by raloxifene, the immunohistochemical study using an iNOS-specific antibody showed that iNOS immunoreactivity was clearly localized in vascular smooth muscle layers.
Discrepancies from previous studies
The findings from the present study differ from those of previous studies. In Pinna et al., 2006 , raloxifene causes concentration-dependent relaxation of aorta from oestrogen-replaced ovariectomized female rats. Parallel to the current study, they also showed that the inhibition of COX has no effect on raloxifene-induced relaxation, whereas L-NAME inhibits it. However, this relaxation was inhibited by removal of the endothelium but not by ICI 182780, which is opposite to the results in the current study. Furthermore, in another study (Bolego et al., 2005) in female rat aorta, it was found that the relaxant responses to 17β-estradiol or the ERα agonist 4,4 0 ,4″-(4-propyl-[1H]pyrazole-1,3,5-triyl) trisphenol were endothelium-dependent. Moreover, in male rat aorta, three different SERM agonists, raloxifene, desmethylarzoxifene (DMA) and NO-DMA, showed similar potency at inducing relaxation, and this effect of DMA was dose-and endothelium-dependent (VandeVrede et al., 2013) . Also, raloxifene at 1 μM has been shown to inhibit iNOS expression and NO levels induced by cytokines in rat aortic smooth cells, effects reversed by specific ERα inhibitors (Pinna et al., 2006) . Although the concentration of raloxifene and the tissue and species of the cells are same as those used in the current study, the effects of raloxifene on iNOS expression and activity were the opposite of those in the present study. However, in ovariectomized female rat aorta, iNOS expression was found to be increased (Cetinkaya Demir et al., 2013) . Also in macrophages, raloxifene has been shown to have an inhibitory, rather than a stimulating effect, on the expression of iNOS via NF-κB (Lee et al., 2008) . Moreover,17β-estradiol has been shown to inhibit the reduction in contraction evoked by iNOS-inducers such as TNF-α or IL-1β in rat aorta (Kauser et al., 1998) . However, the findings of the present study suggest that iNOS is activated by SERMs or 17β-estradiol. All of these discrepancies may be due to differences in the cell types, species and/or health as well as pathological conditions. Furthermore, the hormonal status of the animals needs to be considered, as it can influence the responsiveness of isolated blood vessels (Shaw et al., 2001) . Because oestrogen can influences ER expression in vascular and nonvascular tissues, ER-dependent responses may be tightly related to the hormonal status of animals (Ihionkhan et al., 2002) .
Conclusions
In summary, several novel findings were obtained in this study. They include: (1) raloxifene relaxes the rat aorta primarily through an endothelium-independent mechanism; (2) raloxifene stimulates an increase in cGMP, NO metabolite (nitrite) and iNOS protein levels in VSMC in vitro through the oestrogen receptor; (3) NF-κB may be involved in the raloxifene-mediated activation of iNOS; (4) raloxifene inhibits calcium influx through Ca 2+ channels; and (5) raloxifene is more potent than 17β-estradiol or tamoxifen at relaxing endothelium-denuded aortic rings by stimulation of iNOS.
Possible clinical implications
Several studies have suggested that activation of iNOS may be beneficial under certain conditions. In contrast to eNOS and nNOS, enhanced iNOS expression leads to an increased production of NO, which causes vasorelaxation of blood vessels (Weigert et al., 1995) and prevents leukocyte adhesion (Hickey et al., 1997) and platelet adhesion (Yan et al., 1996) . Thus, the production of NO from VSMC via the iNOS pathway may provide a compensatory mechanism for the reduction in NO generation from dysfunctional endothelial cells under pathological conditions. For example, an increase in iNOS expression or activity of VSMC may substitute for the reduction in endothelium-derived NO production in the aged organism (Tschudi et al., 1996) and in atherosclerotic lesions (Buttery et al., 1996) . However, in general, endothelial dysfunction is associated with pathophysiological conditions often characterized by increased generation of ROS. Under such conditions, increased activity of iNOS may lead to harmful peroxynitrite formation, and hence, iNOS activation is connected with inflammatory conditions. The concentration of the stimuli and the amount of NO production tend to determine whether the induced NO is beneficial (Shears et al., 1997; Yan et al., 1996; Yan and Hansson, 1998) or detrimental (Thiemermann, 1997 
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http://doi.org/10.1111/bph.13733 Figure S1 A, Concentration-dependent inhibition of U46619-induced contractions in endothelium-intact rat aortic rings by raloxifene (Rf) (n = 6-8). B, pEC 50 values for U46619-induced contraction in the absence and presence of raloxifene (0.1-10 μM, n = 6-8). C, Similar inhibitory effects of 1 μM raloxifene on U46619-contracted endothelium-intact (+Endo) and -denuded aortic rings (ÀEndo) (n = 7-9). D, pEC 50 values obtained in (C). Concentration-response curves for U46619-induced contractile responses in rat endothelium-intact aortic rings. Raloxifene reduced the U46619 contraction in the absence and presence of 100 μM L-NAME (E) or 3 μM ODQ (G). Results are mean ± SEM of 6-9 rings from different rats. F & H, pEC 50 values obtained in E & G. Contractions were normalized as percentage of 60 mM K + -induced tension. Statistical differences are indicated by between different treatment groups (* P < 0.05, ** P < 0.01, *** P < 0.001). NS indicates no significant difference. Figure S2 The steady-state maximum relaxation to raloxifene (Rf, 1 μM) in the U46619-contracted endotheliumintact (+endo) and endothelium-denuded (Àendo) aortic rings. Statistical differences (P < 0.001) are indicated by a between vehicle control and raloxifene group in endothelium-intact rings, and b between vehicle control and raloxifene group in endothelium-denuded rings. Results are mean ± SEM of 6-7 rings from different rats. mean ± SEM of 6 rings from different rats. NS indicates no significant difference. Figure S4 A, Recordings showing time-dependent relaxant responses to 10 μg·mL À1 LPS in endothelium-denuded aortic rings in control and in the presence of 3 μM PDTC. B, Inhibitory effects of PDTC on LPS-induced aortic relaxation. C, The maximal relaxant effect of LPS in the absence and presence of PDTC. Statistical differences are indicated by *** (P < 0.001) between vehicle control and LPS group, and a (P < 0.05) between LPS and treatment group.
Results are mean ± SEM of 6 rings from different rats. Figure S5 A, Inhibitory effects of 100 μM L-NAME or 100 μM AMT-HCl on LPS (10 μg·mL À1 )-induced relaxation.
B, Inhibitory effect of 10 μM actinomycin D or 10 μM cycloheximide on LPS-induced relaxation. C, The maximal relaxant effect of LPS in the absence and presence of L-NAME, AMT-HCl, actinomycin D and cycloheximide. Statistical differences are indicated by *** (P < 0.001) between vehicle control and LPS group, and a (P < 0.05) between LPS and other treatment groups. These experiments were performed on endothelium-denuded aortic rings. Results are mean ± SEM of 5-6 rings from different rats. Figure S6 Comparison of relaxations induced by 1 μM raloxifene (A) and 100 nM SNP (B) in endothelium-denuded aortic rings following different pharmacological treatments.
Statistical differences are indicated by * (P < 0.001) between control and treatment groups. Results are mean ± SEM of 6-11 rings from different rats. Figure S7 A, The time course for the relaxant response induced by raloxifene (1 μM), 17β-estradiol (E2, 1 and 10 μM) and tamoxifen (Tam, 1 and 10 μM) in the U46619-contracted endothelium-denuded aortic rings. B, The steady-state maximum relaxation to raloxifene, 17β-estradiol and tamoxifen. Statistical differences are indicated by between vehicle control and other treatment groups (*** P < 0.001). Results are mean ± SEM of 5-6 rings from different rats. NS indicates no significant difference. Figure S8 A, Inhibitory effects of 100 μM AMT-HCl or 10 μM cycloheximide on 17β-estradiol (10 μM)-induced relaxation in the U46619-contracted endothelium-denuded aortic rings. B, The maximal relaxant effect of 17β-estradiol in the absence and presence of AMT-HCl and cycloheximide. C, Inhibitory effect of 100 μM AMT-HCl or 10 μM cycloheximide on tamoxifen (10 μM)-induced relaxation. D, The maximal relaxant effect of tamoxifen in the absence and presence of AMT-HCl and cycloheximide. Statistical differences are indicated by *** (P < 0.001) between vehicle control and 17β-estradiol or tamoxifen group, and a (P < 0.05) between 17β-estradiol or tamoxifen and other treatment groups. Results are mean ± SEM of 5-6 rings from different rats.
